Carbon nanoscrolls (CNSs), with controllable interlayer distances, have been systematically studied with respect to noble gas adsorption, separation, and transport properties. Grand canonical Monte Carlo simulations were performed on pure noble gases and noble gas mixtures interacting with CNSs at different temperatures. There is separation of gases across a series of CNS interlayer distances at different pressures. The optimal interlayer distance for each noble gas was determined. Selective adsorption was characterized for noble gas mixtures, and the corresponding selectivity was explored. A molecular sieving effect was observed for a certain interlayer gap range, in which the energetically unfavorable smaller gas atoms were better stored in the CNS. In addition, molecular dynamics simulations were conducted to understand the transport properties of noble gases in carbon nanoscrolls in both 1 Corresponding author. E-mail: rfaller@ucdavis.edu 1 the cross-sectional and axial directions of the CNS. Gas molecules are found to be captured most strongly when the CNS has the optimal interlayer distance for adsorption.
Introduction
Layered carbon nanomaterials with hexagonally packed carbon surface structures have attracted extensive attention in the past few decades due to their excellent thermodynamic, mechanical, and electrical properties. This enables next generation functional materials for various applications [1] [2] [3] [4] [5] [6] [7] [8] . Particularly, the large specific surface area and lightweight nature make them great novel gas storage/separation materials and transport media. A number of different morphologies of such carbon nanomaterials have been discovered, including carbon nanotubes, graphene, carbon nanohorns, etc. [5, 6] Carbon nanoscrolls (CNSs) are a new member in this group of materials. They can be considered as rolled-up graphene sheets [9] [10] [11] [12] [13] . They are distinct from other 2-D carbon nanomaterials as they have a potentially controllable inter-carbon layer distance. As reported experimentally and computationally the interlayer space can be controlled by alkali metal doping [14, 15] . This makes CNSs a very promising material for selective gas adsorption and separation. 2 For the study of gas adsorption and transport in layered nanoporous materials, molecular simulations have been extensively applied, as they provide atomic information that is hard to obtain experimentally. Most simulation effort has been directed to nanotube structures made of carbon and boron nitride. Several reviews have summarized the discoveries of structural, thermal, mechanical and other properties [16] [17] [18] [19] [20] [21] . Gas adsorption and transport properties of these materials are also widely investigated [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
A few molecular simulation studies on nanoscrolls have been reported. Braga et al. applied molecular dynamics (MD) to study the structural stability of carbon nanoscrolls [13] .
They found that the overlap area of the rolled sheets and the inner circle diameter are critical for stabilizing CNSs. Similarly boron nitride nanoscrolls were studied by the same group [36] .
The corresponding equilibrium structures were predicted. Xia et al. studied by MD the formation of CNSs from graphene initiated by a carbon nanotube in the center [37] . A similar strategy to prepare CNSs was reported by Chu et al. with a silicon nanowire as seed [38] .
Mpourmpakis et al. demonstrated the effect of CNS interlayer spacing on hydrogen storage by combined quantum chemistry and GCMC [14] . Braga et al. simulated hydrogen adsorption by MD [15] . Daff et al. investigated the separation of CO 2 by CNSs with GCMC [39] . Peng et al. studied the adsorption of methane and carbon dioxide [40] .
To our knowledge, the adsorption of noble gases, which are important adsorbates in both industry and academia, on carbon nanoscrolls has not yet been studied. Also generally, the understanding of the selective adsorption and separation of gas mixtures in CNSs is still underdeveloped. No transport properties of gases and gas mixtures in CNSs have been 3 reported. Here, a systematic study has been performed on CNSs interacting with different noble gases for a range of CNS interlayer distances. Specifically, grand canonical Monte Carlo (GCMC) simulations were used to understand the adsorption of pure noble gases on CNSs and the selective adsorption and separation of noble gas mixtures at different temperatures. The optimal CNS interlayer distance for each case was determined. Inverted selective adsorption was observed in a small CNS interlayer spacing window for some noble gas mixtures. The mixture composition effect on noble gas selective adsorption was also investigated. In addition, the noble gas transport in CNS was simulated by MD. The mean squared displacement (MSD) was analyzed.
Simulation Model & Method
Carbon nanoscroll simulation models were developed from a graphene sheet of 50x10 nm by rolling along the long side and keeping the CNS length at 10 nm, as shown in Figure 1 .
The CNS cross-section can be expressed by the formula: r( )  r 0  t (1) where r 0 is the inner circle radius, t is the interlayer distance,  is the polar angle, and r is the polar coordinate representing the distance of the sheet from the center.
Figure 1. Visualization of the Carbon nanoscroll model
The inner radius r 0 was set to 10.0 Å, which yields the energetically favorite curvature [13] . Interlayer distances t from 6.0 to 10.0 Å in 0.5 Å steps were tested for gas adsorption/separation and transport characterizations. The carbon -carbon bond length was fixed at 1.42 Å. The CNS was kept rigid through all the simulations. Periodic boundary conditions were applied. We ensured that CNSs did not cross-talk with mirror configurations.
Classical Lennard -Jones 12-6 potentials were selected for the Van der Waals interactions with a cutoff distance of 20 Å:
where σ ij is the interaction length and ε ij is the potential energy well depth. The corresponding parameters are listed in Table 1 [41, 42] . The carbon -gas interaction parameters are approximated by Lorentz -Berthelot mixing rules:
No electrostatic interactions were taken into account. were for data collection.
MD simulations in the canonical ensemble (NVT) were performed with the LAMMPS code [45] for gas transport. The initial configurations were taken from the equilibrated GCMC simulations. The velocity-Verlet algorithm was used for time integration [46] , and the Nosé -Hoover thermostat for temperature control [47, 48] . All MD simulations were run for 6 ns with a time step of 1 fs. Despite the short times the MSDs (below) show that the systems are well equilibrated. The MD force field was the same as in GCMC for consistency.
Result & Discussion

Grand Canonical Monte Carlo simulations
Pure noble gases, Ar, Kr, and Xe, adsorbed on the selected CNSs at 300 K were studied with GCMC simulations. The adsorption data was collected at different pressures (10 4 - 10 6 Pa), and the corresponding data are shown in Fig. 2 . All adsorption isotherms are expressed in absolute terms, which counts all gas molecules in the system with no further bias. It can be found that by opening the CNS interlayer spacing from 6 Å to 10 Å, the adsorption of each gas first increases and then drops to different extents. That is because with a narrow gap, CNS expresses strong repulsion towards the gas atoms, which inhibits the gas to enter the interlayer space. When it opens up, the repulsion weakens and eventually turns into adsorption until it reaches the optimal distance. At further opening, the attractive interaction decreases.
Comparing across the three noble gases, the optimal CNS interlayer distance is dependent on 7 the gas size and interaction strength with carbon. In terms of adsorption capacity at the corresponding optimum CNS configuration, Xenon with the largest atomic mass and strongest interaction with carbon was the most adsorbed. Kr is second, and Ar is the weakest adsorbed.
At different pressures the adsorption behaviors express different trends. At low pressure, the enhancement due to proper interlayer distance significantly increases the adsorption, especially for Xe. At higher pressures, the interaction is not adsorption, it is more storage. The opening up of the CNS interlayer gap allows more noble gas atoms to be packed into the space. The optimal CNS interlayer distances for noble gas adsorption are summarized in Table 2 , they weakly grow with gas size. To characterize the CNS interlayer distance effect on noble gas adsorption, potential energy distribution was studied by scanning an individual noble gas atom in the lateral direction and cross the center of mass of the CNS, as shown in Figure 3 . It is found that at interlayer space of 6.0 Å the potential energy wells only exist on the most outside surface and the inner circle surface of the CNS. All interlayer space shows strong repulsion on the noble gas atom.
Comparing the noble gases, Xe, which has the strongest interaction with carbon, presents the deepest potential well, while Ar with the lowest atomic mass among these three elements shows the weakest adsorption potential. When the gap opens up to 8.0 Å, the interlayer space is large enough to accommodate all three noble gases and presents very strong adsorption wells (much deeper than the wells on the CNS outside surface and inner circle). This stems from the confinement effect of the carbon layers. The net potential on the gas atom is very attractive inside the interlayer gaps. Then by further raising the interlayer distance to 10.0 Å, the interlayer potential wells are broadened, but the depths become shallower. Note that the potential energy profiles on the CNS outside surface and inner circle stay almost the same in all cases. This analysis explains the different of noble gas adsorption on CNS with different interlayer distances. Furthermore, the isosteric heat of adsorption of pure noble gases on CNSs was investigated using the following expression:
where E is the energy, N is the number of adsorbed gas molecules, T is the temperature, and R is the gas constant. Var (N ) represents the variance in particle numbers. The heat of adsorption data was collected from Ar adsorption on CNSs at 300 K for different pressures (Fig.   4 ). The trends correspond well with the adsorption data and further explain the adsorption in CNSs with varying interlayer distances, where gas uptake is determined by the competition between energy and entropy/packing effects. In addition, noble gas adsorption on CNS is also studied at 100 K, as shown in Figure 5 .
Comparing to the 300 K adsorption set, GCMC simulations were performed on CNSs with different interlayer spacing, but the selected pressure range is lower as noble gases have much lower condensation pressures at 100 K. From the figures, we see that at 100 Pa with broadening the interlayer spacing, the adsorptions of Kr and Xe keep rising, while Ar increases 14 at the beginning and becomes stable around 8.5 Å, then drops greatly. This is mainly due to the change in inter-carbon layer confinement strength. At the given pressure, for Ar with relatively weaker potential strength with CNS, when a strong potential well forms, Ar atoms are adsorbed the most. When the gap becomes larger, the confinement effect is weakened and it cannot attract so many gas atoms as the interaction distances to sheets on either side increase. On the other hand, for Kr and Xe with strong interatomic interaction with carbons, the enlarged space helps accommodate more gas atoms. This trend can be observed in Fig. 5b and 5c . As the pressure goes lower, Kr, which is largely adsorbed at large CNS interlayer gap, starts to drop as Ar, while the optimal adsorption gap becomes narrower and narrower.
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Figure 5. Adsorption dependence of pure noble gases as a function of interlayer distance on and in CNSs at 100 K and (a) 100 Pa, (b) 10 Pa, (c) 1 Pa
Inspired by the observation of slightly different optimal CNS interlayer distances for the pure noble gases, the study was extended to gas mixtures regarding selective adsorption and separation. Binary noble gas mixtures with equal partial pressure loadings were simulated at 16 300 K. Figure 6 shows the data of Kr -Xe at various pressures. A similar trend as in the pure gas cases was observed at low pressure. The adsorption of the larger and heavier Xe is stronger than that of Kr, especially at the CNS interlayer spacing around 8 Å. At high pressure, however, the adsorption selectivity is inverted at a specific CNS interlayer spacing window, in which the energetically unfavorable smaller and lighter gas was better adsorbed over the larger atoms.
This inversion of adsorption is caused by the balance of adsorption and packing. At high pressure, the system can pack more molecules in the finite space. Figure 7 shows the adsorption dependence of the binary gas mixture Ar -Kr. The data shows a similar adsorption selectivity trend as Kr -Xe. Here, the inverted adsorption for Ar -Kr is found from 6.0 Å to 6.5 Å, which is smaller than for Kr -Xe. The distinction is mainly due to the atomic size difference between the two components. It is also found that the optimal interlayer distances for Ar and Kr are close in the low-pressure regime, but become more separated at higher pressure. Note, that the optimum for Ar with presence of Kr shifts to smaller interlayer distances compared to pure Ar. pressures, as shown in Figure 9 . Here, (10, 10) armchair type CNT, which is the most abundant type observed in experiments [49, 50] , was used for this study. It is observed that CNT prefers to adsorb more Xe over Kr at the selected pressures. For CNSs, the selectivity of Kr/Xe highly 20 depends on the interlayer distance. In specific, at relatively small CNS interlayer distance ranges, the selectivity of Kr/Xe on CNS is above 1, which means Kr atoms are preferred adsorbates. By increasing the gap, the selectivity is inversed and the selectivity of Xe over Kr is slight higher on CNSs than CNTs. 
Molecular Dynamics simulations
In addition to the study of equilibrium adsorption and separation, we also investigated the transport of pure noble gases and noble gas mixtures in CNS systems by MD, which is widely used to study transport properties [51] [52] [53] . Mean squared displacements (MSD) characterize the overall gas transport as well as their radial and axial components. Figure 11 shows the overall MSD of Kr transport in CNSs for a series of interlayer distances at 300 K and 1 bar. At the very narrow spacing of 6.0 Å, the MSD is very large representing fast transport. In this case, no Kr atom is inside the CNS interlayer. All gas atoms move freely. By broadening the gap, the MSD quickly drops as gas atoms are confined in the interlayer volume. The mobility reaches the lowest value when the inter-CNS distance is optimal for Kr adsorption (7.5 Å). Increasing the gap further, the MSD increases again. The adsorption 23 spacing of CNS allowing most gas molecules to enter also immobilizes the adsorbed gas most in the interlayer space, since it is the energetically favorite configuration.
Figure 11. Mean squared displacement of Krypton adsorbed in CNS with different interlayer spacing at 300 K and 1 bar
In addition to the overall MSD of Krypton, MSD components in different directions are plotted in Figure 12 . The range of CNS interlayer spacing covers the range from no gas inside to the optimal adsorption cases. We find that the major contributions come from the axial direction where there is no steric hindrance. 
Conclusion
We systematically studied noble gas adsorption, separation, and transport in carbon nanoscrolls with different interlayer distances (from 6.0 Å to 10.0 Å). Grand canonical Monte
Carlo simulations were applied to understand noble gas adsorption and storage in CNS at different pressures and temperatures. Selective adsorption was investigated on noble gas mixtures. The optimal CNS interlayer distances for pure and mixed noble gases were 25 determined. Radial distribution function and simulation snapshots are used to supplement the adsorption data and suggest detailed distribution of each gas component in the CNS system. At a given temperature and pressure, the selectivity is strongly dependent on the CNS interlayer distance. The selectivity depends non-monotonically on this distance and on pressure which is different than for carbon nanotubes where the selectivity is mainly pressure dependent and depends monotonically on pressure [22] . In addition, the mixture composition effect on selective adsorption was investigated with Kr-Xe mixture by tuning Xe composition from 10% to 90%, while keeping the total gas loading the same. Selective adsorption is observed in all cases but with distinct selectivity.
The transport properties of CNS were studied with molecular dynamics in the canonical ensemble. The mean square displacement data of Krypton shows that the confinement of CNS applied on gas molecules first becomes stronger with increasing interlayer distance and drops after reaching a maximum. The gas molecules are best stabilized in the CNS interlayer space at the specific optimal interlayer distance.
